The structure and ground state electronic structure of the recently synthesized SrPdO3 perovskite [A. Galal et al., J. Power Sources, 195, 3806 (2010)] have been studied by means of screened hybrid functional and the GW approximation with the inclusion of electron-hole interaction within the testcharge/test-charge scheme. By conducting a structural search based on lattice dynamics and group theoretical method we identify the orthorhombic phase with Pnma space group as the most stable crystal structure. The phase transition from the ideal cubic perovskite structure to the Pnma one is explained in terms of the simultaneous stabilization of the antiferrodistortive phonon modes R + 4 and M + 3 . Our results indicate that SrPdO3 exhibits an insulating ground state, substantiated by a GW0 gap of about 1.1 eV. Spin polarized calculations suggests that SrPdO3 adopts a low spin state (t ↑↓↑↓↑↓ 2g e 0 g ), and is expected to exhibit spin excitations and spin state crossovers at finite temperature, analogous to the case of 3d isoelectronic LaCoO3. This would provide a new playground for the study of spin state transitions in 4d oxides and new opportunity to design multifunctional materials based on 4d Pnma building block.
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11 As compared to the most widely studied 3d TM oxides, 4d TM perovskites offer a novel physical arena to study the interactions among spin, orbital, electron, and lattice degrees of freedom. Prime examples of these anomalous behaviors (non-Fermi liquid, ferromagnetism, half-metallicity, high-temperature antiferromagnetism, high conductivity, etc.) were recognized in ruthanates, [12] [13] [14] molybdates 15 and technetiates. [16] [17] [18] [19] In addition to these fundamental issues, the growing concerns about global warming have boosted an intense research on energy production processes based on perovskites. In particular, noble metal incorporated perovskites represent a valuable alternative as catalysts since they have a high thermal stability and their elevated compositional flexibility along with the presence of chemically active structural defects and localized electronic states offer tremendous tailoring possibilities for designing more efficient catalytic processes. 8, 20, 21 Palladium oxides is one of the most useful catalyst in oxidation reaction 22, 23 and the incorporation of Pd in perovskite structure turned out to efficiently suppress the inconvenient clustering of Pd particles, thereby improving the catalytic activity.
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Very recently, SrPdO 3 perovskite with a high catalytic activity toward hydrogen evolution reaction was successfully synthesized for the first time by Galal et. al. by a citrate method. 24 These authors have also shown, that the Curie-Weiss plot derived from the evolution of the molar magnetic susceptibility as a function of temperatures (for temperatures higher than 280 K), exhibits an antiferromagnetic (AFM) character, with a magnetic ordering temperature of about 370 K and a surprisingly large calculated magnetic moment of 5.7 µ B , suggestive of a high-spin (HS) configuration (t ion. 24 Considering that the spin-state of d 6 perovskites such as LaCoO 3 represents a great challenge for both theory and experiment and have been the source of much controversy 25, 26 these findings should be taken with a certain caution. At low temperature, in fact, LaCoO 3 (isoelectronic to SrPdO 3 ) posses a low-spin (LS) configuration (t ↑↓↑↓↑↓ 2g e 0 g ) and a diamagnetic semiconducting character. 27, 28 As the temperature is elevated LaCoO 3 exhibits an intricate magnetic phase diagram characterized by an intermediated LS-HS state, possibly associated with a LS-HS crossover, 29 whose detailed nature remains highly debated. 30 The HS state is usually favored when the crystal field splitting energy is smaller than the Coulomb repulsive energy among electrons. As 4d ions generally have larger crystal field splitting energy and smaller Coulomb repulsive energy than 3d ions, it is expected that 4d TM oxides such as SrPdO 3 would prefer a LS configuration, subjected to spin-state crossover driven by thermal excitations.
The electronic structure and the detailed structural properties of SrPdO 3 remain up to date to be determined. The scope of the present work is to address these issues by means of an accurate ab initio analysis performed in the framework of hybrid density function theory and GW ap- proximation. In particular, we have determined the most favorable crystal symmetry and structural distortions on the basis of a careful analysis of the phonon instabilities starting from the ideal cubic perovskite structure.
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After describing the computational set-up (Sec. II), we will discuss the results of our structural search (Secs. III A and III B). The electronic properties of the most stable structure will be presented in Sec. III C. The most important outcomes of our study are summarized in the last section.
II. COMPUTATIONAL METHOD
All calculations were performed with the Vienna ab intio Simulation Package (VASP). 33, 34 The electron and ion interaction was described within the projector augmented wave (PAW) method. 35, 36 The plane wave basis set cutoff energy was set to 400 eV and the k-space integration was done by adopting a 8×8×8 Monkhorst-Pack grid for the cubic P m3m structure and the same density was kept for all other considered phases. All structures were fully relaxed (including unit cell shape, volume, and internal atomic positions) by using the screened hybrid density functional scheme of Heyd-Scuseria-Ernzerhof (HSE06, Ref.37) until the Hellmann-Feynman forces acting on each atom were smaller than 0.01 eV/Å.
The phonon dispersion of ideal cubic and ground state P nma perovskite structures were calculated by means of the finite difference method as implemented in PHONOPY, 38, 39 by adopting a 2×2 × 2 supercell for both the P m3m and P nma phase. The cubic phonon dispersion was computed at HSE06 level, whereas for the larger P nma supercell due to the exceedingly high computational cost we used the Perdew The ground state electronic structure of P nma structure was studied by using HSE with different values of the Hartree-Fock exchange mixing parameter α and the GW approximation (Ref. 43 ) within the plasmon-pole model as implemented in the VASP code. 44, 45 The GW calculations were performed partially self-consistently, by keeping the screened Coulomb interaction W fixed to the initial W 0 value and iterating only the Green function G until the quasi-particle energies were converged (this was achieved after four iterations). This partial selfconsistent procedure is usually refereed to as GW 0 . Since the results of GW 0 calculations critically depends on the initial orbitals used to construct the screening properties and on the treatment of excitonic effects,
46-48 we have tested both PBE and HSE starting orbitals and for selected cases we have incorporated electrostatic interactions between electrons and hole within the testcharge/test-charge (TC-TC) scheme. 49 In the GW calculations we have included 320 bands, and the TCTC screening was computed for 80 bands around the Fermi energy. As already discussed in the introduction the determination of the spin state of d 6 perovskites is affected by large confusion due to the approximation involved in ab initio schemes and by the difficulty in reliably extracting the spin state from experimental data. We have scrutinized different magnetic ordering (AFM-A, AFM-C, AFM-G and ferromagnetic, see Ref. 50) and, in line with the results obtained by HSE for LaCoO 3 , 50 we found that all structures are predicted to adopt a LS configuration.
III. RESULTS AND DISCUSSION
In the first part of this section we determine the unstable phonon modes of the high symmetry (P m3m , No. 221) cubic perovskite structure, which will serve as guidelines to setup the strategy for the structural search. This section ends with the discussion of the ground state electronic properties of the most stable phase of SrPbO 3 .
A. Phonon dispersion of cubic phase
The ideal ABO 3 perovskite has cubic symmetry (space group P m3m , No. 221), and can be structurally interpreted as a framework of corner-sharing BO 6 octahedra with the A cations located at the 12-fold-coordinated intra-octahedra voids. The stability and distortion of perovskite crystal structures are often discussed in terms of the Goldschmidts tolerance factor t, t = (r A + r O )/ √ 2(r B +r O ), where r A , r B , and r O are the ionic radii of A, B, and O ions, respectively.
51,52 t ≈ 1 represents the ideal conditions upon which the perovskite structure assumes its ideal cubic symmetry. Depending on whether the tolerance factor t is greater or less than 1.0, different kind of distorted structural variants are formed: hexagonal (face-sharing BO 6 octahedra) for t > 1, whereas for t < 0.9 cooperative rotations of the octahedra yield lower symmetry variants such as tetragonal, orthorhombic, rhombohedral etc. 51 As SrPdO 3 has t = 0.905 it is expected that the cubic structure is dynamical unstable at low temperature, which could be stabilized throughout suitable rotations and tilting of the octahedra network.
In cubic perovskite, the only free structural parameter is the lattice constant a. The relaxed lattice constant a is predicted to be 3.946Å at HSE06 level. Spinpolarized calculations shown that the cubic phase of SrPdO 3 is a non-magnetic metal, in which the Pd 4+ cation adopts the LS configuration (d ↑↓↑↓↑↓ ). Based on the relaxed structure, the HSE06 calculated phonon dispersion curve along the high-symmetry directions Γ-X-M-R-Γ-M is shown in Fig.2 . As expected from the above considerations on the tolerance factor, there are many unstable (negative phonon frequency) phonon branches, indicating that the cubic phase of SrPdO 3 is dynamically unstable at low temperature. The unstable modes are predominantly associated with O atoms displacement (dashed thick (red) line in Fig.2 ): The most negative mode at the zone center is the ferroelectric (FE) instability Γ − 4 (we use A site center setting in this paper), which represents the opposite displacement of Pd ion and O octahedra as indicated by the arrows in Fig.1b , whereas at M and R the phonon instabilities are associated with the rotation and tilting of oxygen octahedra (antiferrodistortive, AFD) M + 3 and R + 4 , respectively (schematically shown in Fig.1 c and d) . 53 These instabilities are very common in cubic perovskites and were very well studied. [54] [55] [56] Having established the phonon instabilities of the ideal cubic phase we now present the outcomes of our structural search, which is based on the stabilization of the negative phonon modes through suitable atomic displacements.
B. Structural search and determination of the most stable phase
From the phonon analysis of the cubic phase, it was concluded that there are three important unstable modes: Γ 4 . In order to stabilize these unstable modes, we have displaced the atoms according to the force constant eigenvectors and created a pool of subgroup structures. Each of the obtained subgroup structure was then subjected to a full structural relaxation (unit cell shape, volume, and atom positions) within the specific subgroup symmetry, i.e. during the relaxation procedure the subgroup symmetry was kept fixed. The comparison of the total energies of the fully relaxed subgroup structures will identify the most stable structural variant. Clearly, the stabilization of negative phonon modes by moving the atomic positions breaks the cubic symmetry and leads to lower symmetry structures. The total distortion amplitudes of the fully relaxed subgroup structures with respect to cubic phase (reference phase) were calculated by using the Bilbao Crystallographic Server, 57 and the direction of the order parameter (which is identified by the space group symmetries of the parent and subgroup structure in a phase transition) is obtained according to the group theoretical methods collected in the ISOTROPY Software Suite. 58 The results are collected in Tab. I where, for each subgroup structure, we summarize the following information: (i) the number of formula units (f.u.) per primitive cell (Z), (ii) the characteristic mode, (iii) the direction of the order parameter (Dir), (iv) the total distortion amplitude (Amp), and finally (v) the total energy of the fully relaxed subgroup structure with respect to the ideal cubic phase (∆E). The various structural variants included in Tab. I are grouped according to the distinctive unstable modes. Beside including the main unstable modes Γ Condensing the largest unstable polar mode Γ − 4 in different directions leads to five polar subgroup structures: P 4mm , A mm2 , R 3m , P m , and C m , each characterized by a distinctive direction of the order parameter, see Tab. I. Both the energy gain and distortion amplitude of these structures with respect to the reference cubic phase are very similar: ∆E ≈150 meV/f.u. and Amp ≈ 0.26Å. This situation does not change much in terms of total energy stability by considering the stabilization of the non-polar mode at the zone center Γ − 5 , which guides the transition towards three low symmetry structures (P4 m2 , A mm2 , and R 32 ). Much lower energy structures were obtained by condensing the tilting mode R and of the other unstable modes indicates that in SrPdO 3 AFD instabilities are much stronger than FE ones. Therefore AFD instabilities should be considered as primary order parameters, which is similar with other 4d transition metal oxides such as NaNbO 3 and SrZrO 3 .
54,56 Thus, in order to find possibly more stable structures we have considered the combination of R Table I : P nma , P 4/mbm , and C mcm . We found, that the most stable structure is P nma (No. 62), which is the combination of R The amplitudes of R + 4 and M + 3 modes are almost identical to the corresponding single-mode frozen cases indicating that these two modes are compatible with each other at the lower symmetry phase P nma . Moreover, it is found that the energy gain of the combined R In order to check the dynamical stability of the P nma phase, we have calculated its phonon dispersion at PBE level (cross-checked by LDA and PBEsol) and did not FIG. 4. (Color online) Group and subgroup tree of high symmetry structure (P m3m ) and low-lying structures (Pnma and Cmcm). The energy gain (meV/f.u.), by condensing unstable modes (blue color), with respect to cubic phase is also indicated using black number.
find any unstable mode, as shown in Fig. 3 . As a matter of fact, P nma is the most common space group of TM oxide perovskite structures because it takes into account the flexibility of BO 6 oxygen octahedra network throughout collective rotations and tiltings to optimize the coordinate environment of the cation A. 59, 60 Interestingly, another perovskite structure C mcm has the second lowest energy among all subgroup structures. The C mcm space group originates again from a combination of the M (∆E ∼ 60 meV/f.u.) and Γ − 4 (∆E ∼ 150 meV/f.u.) are much smaller than that of AFD (∆E ∼ 500 meV/f.u.). Thus, it is apparent that SrPdO 3 does not fully satisfy the criterion of antiferroelectrity as X + 5 is too weak to compete with the AFD instability.
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The most important group and subgroup connections associated with the main distortions analyzed in this study are summarized in Fig. 4 . Starting from the undistorted cubic structure P m3m the stabilization of the single modes R AFD modes guides the transition towards the two low-lying structures: the P nma phase, ubiquitous in the perovskite family, and the meta-stable structure C mcm , which was observed in NaNbO 3 and proposed as intermediate phase of SrZrO 3 .
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The optimized structural parameters of P nma SrPdO 3 are tabulated in Table II . Besides the HSE06 data, the results based on PBE and LDA are also shown for comparison. As compared with HSE06, PBE overestimates all lattice constants, especially a, whereas LDA underestimates lattice constants b and c but overestimates a.
We conclude the discussion of the structural search by comparing the structural distortions in SrPdO 3 with those of other 4d perovskites based on TM atoms which precede Pd in the periodic table: SrTcO 3 , SrRuO 3 , and SrRhO 3 . These compounds also crystallize with the orthorhombic P nma space group at low temperature.
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The most important structural data are collected in Tab.III as a function of the occupation of the 4d shell going from SrTcO 3 (d 3 ) to SrPdO 3 (d 6 ). For all these 4d perovskites the tolerance factor is very similar, ∼ 0.9. Owing to the full occupation of t 2g orbitals (low-spin configuration), SrPdO 3 has a smaller volume, no JahnTeller (JT) distortions (Q 2 =0.004 and Q 3 =-0.004) and the largest GaFeO 3 -type (GFO) distortions.
C. Ground state electronic structure
As mentioned previously, spin-polarized calculations show that all the structures considered in this paper are non-magnetic (low spin state, t ↑↓↑↓↑↓ 2g e 0 g ). In this section we present the electronic properties of the ground state non-magnetic P nma phase of SrPdO 3 based on HSE and many-body GW techniques.
At HSE level, using the 'standard' value of the mixing parameter α=0.25 we find that P nma SrPdO 3 is a direct band gap semiconductor with a band gap of 1.27 eV. the gap is opened between the fully occupied t 2g shell (hybridized with the O p states) and the unoccupied e g manifold laying on the bottom of the conduction band as illustrated in Figs and is characterized by a valence/conduction band region dominated by t 2g /e g orbitals significantly hybridized with O-p states, in agreement with a formal LS state. The major difference is the bandwidth of the bottom of the conduction band which is much larger in SrPdO 3 (4.0 eV) as compared to LaCoO 3 (3 eV), which reflects the more delocalized nature of 4d electrons.
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In order to clarify the role of the predominant structural distortions discussed in the previous section on the electronic properties we compare in Fig. 5 the density of states (DOS) of the ideal cubic and P nma cases with those corresponding to the structures containing only one single mode (M induces a substantial narrowing of the e g bands which leads to the opening of a rather large band gap of about 0.9 eV. This is mainly due to the cooperative rotation and tilting of the oxygen octahedra (see Fig.1 ) which significantly reduces the Pd e g -O 2p hybridization. Conversely, both the M We now address the issue of band gap prediction. The value of the band gap at hybrid functional level depends on the value of the mixing factor α, which determines the amount of exact Hartree-Fock exchange incorporated in the HSE functional. More specifically, there is an almost linear dependence between the band gap and α, as shown for SrPdO 3 in Fig. 7 : we found that PBE (equivalent to α = 0) is sufficient to open a small gap of 0.24 eV, and by increasing α the gap growths linearly up to 1.27 eV for α=0.25 (notice that the choice of α is much less crucial for what concern the structural properties which are well described (i.e. within 1 %) for any reasonable value of α). We have discussed this issue in detail in Ref. 50 where we have used a semiempirical rationale for the determination of the optimum mixing factor for HSE in 3d transition metal perovskites which requires the knowledge of the dielectric constant ∞ . 69 Unfortunately, the ∞ of SrPdO 3 is unknown and this hampers a precise estimation of the optimum α for SrPdO 3 , as the ab initio calculation of the dielectric properties is by far not trivial.
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The most accurate way to overtake this limitation is to go beyond generalized Kohn-Sham (gKS) orbitals such as HSE and rely on more sophisticated and computationally much more demanding many-body techniques such as GW. 43 The performance and the predictive power of GW-based approaches critically depends on the treatment of the dynamically screened Coulomb potential W and, to a lesser extent, on the self-consistency in G. It has been shown that the results obtained within the widely used single-shot G 0 W 0 and partially self-consistent GW 0 approximations depend significantly on the starting point for the solution of the quasiparticle equation. 46, 47 In general, gKS functionals are considered to be good starting points only if electron-hole interactions are incorporated. This is due to the fact that GW 0 @HSE within the so called random phase approximation (RPA, i.e. excluding excitonic effects in the calculation of the screened Coulomb interaction) leads to a significant underestimation of the static screening resulting in too large band gap. 47 Conversely, considering that LDA and PBE functionals usually provide reasonable screening properties, the GW 0 @PBE usually deliver band gaps in good agreement with experiment. 47 Following these arguments here we compare the results obtained from two different procedures: (i) GW 0 @PBE (partially self consistent GW on top of PBE orbitals within the RPA approximation), and (ii) GW 0 -TCTC@HSE (partially self-consistent GW on top of HSE orbitals plus inclusion of excitonic effects via the TCTC kernel 49 ). Clearly, the optimum approach would require a self-consistent computation of W, which would render the corresponding GW results free of any dependence on the starting orbitals. Unfortunately, the enormous computational load associated with this scheme prevents its applicability to the present case, mostly due to large size of the unit cell which contains 20 atoms. To date, the only application of fully selfconsistent quasi-particle GW plus vertex corrections for non-cubic perovskite is the case of BaBiO 3 , whose unit cell contains only 10 atoms.
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The results on the band gap are collected in Tab.IV. The application of GW always leads to an increase of the band gap with respect to the corresponding starting PBE and HSE value (first row of Tab. IV. The converged GW 0 @PBE value is 0.92 eV, whereas the GW 0 -TCTC@HSE estimations ranges between 1.03 eV to 1.31 eV, depending on the value of α. As shown in the last column of Tab. IV the relative deviations among the various schemes are intimately connected with the computed values of the dielectric constant ∞ , which progressively decreases as a function of α. By averaging over the different starting points our GW 0 data suggest that the band gap of SrPdO 3 is 1.1 ± 0.2 eV.
IV. SUMMARY AND CONCLUSIONS
Summing up, in this study we have performed an accurate structural determination of the novel perovskite SrPdO 3 , based on an appropriate stabilization of the unstable phonon modes found in the ideal perovskite phase by applying symmetry analysis and group theory considerations. We found that the combination of AFD displacements associated with the R + 4 and M + 3 modes drives the transition from the unstable cubic phase to the orthorhombic P nma ground state, characterized by a large tilting of the BO 6 oxygen octahedra as reflected by the significant GFO-like distortions. This is in line with the structural properties of the 4d perovskite series SrRO 3 , with R=Tc, Ru, and Rh. The ground state electronic structure was studied by using partially selfconsistent GW on top of both PBE and HSE orbitals, and including electron-hole interaction in the framework of the TCTC scheme. Our results indicate that low temperature SrPdO 3 is a low-spin state insulator with a band gap of ≈ 1.1 eV. The electronic transition from the metallic ideal cubic phase to the insulating P nma one is mostly driven by the structural distortions associated with the R + 4 mode which strongly attenuates the O p -Pd eg hybridization. The experimentally observed high-temperature antiferromagnetic behavior might originate from spin state excitations, possibly subjected to spin-state crossovers, in similarity with the case of isoelectronic LaCoO 3 . We hope that our study will spur further research aiming to clarify the spin structure of this novel perovskite, for instance by investigating its nuclear hyperfine interaction, to provide an experimental measurement of the band gap in support to our predictions, and, from an application point of view, will help the understanding and optimization of the reported high catalytic activity, and the designing of novel materials with tunable functionalities based on the P nma building block.
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